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A B S T R A C T
Immobilisation of cyclodextrin glucanotransferase (CGTase) on nanoﬁbres was demonstrated. CGTase
solution (1% v/v) and PVA (8 wt%) solution were mixed followed by electrospinning (9 kV, 3 h). CGTase/
PVA nanoﬁbres with an average diameter of 176  46 nm were successfully produced. The nanoﬁbres that
consist of immobilised CGTase were crosslinked with glutaraldehyde vapour. A CGTase/PVA ﬁlm made up
from the same mixture and treated the same way was used as a control experiment. The immobilised
CGTase on nanoﬁbres showed superior performance with nearly a 2.5 fold higher enzyme loading and
31% higher enzyme activity in comparison with the ﬁlm.
ã 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Cyclodextrin glucanotransferase (CGTase) is an industrially
important enzyme that catalyses the transglycosylation reaction of
starch and linear oligosaccharides to form ring structured
molecules, called cyclodextrins (CDs) [1]. CDs possess the unique
property of having a hydrophilic outer surface and a hydrophobic
cavity which enables them to form an inclusion complex with
guest molecules [2]. Due to this feature, they are widely used in
industrial and research applications. The use of CDs has increased
by about 20–30% per annum, mainly in food and pharmaceutical
products [3].
Generally, free or soluble CGTase are used for the industrial
production of CDs [4]. However, the main drawback in the
industrial application of free enzymes is their relatively high price
and low stability [5]. Immobilising the enzyme by ﬁxing to a solid
support will allow the enzyme to be recovered and reused, thus
reducing the amount of enzyme required, and simplifying product* Corresponding author.
E-mail address: mohdnazli@upm.edu.my (M. N. Naim).
http://dx.doi.org/10.1016/j.btre.2016.03.003
2215-017X/ã 2016 The Authors. Published by Elsevier B.V. This is an open access article unpuriﬁcation, which makes the enzymatic processes more econom-
ically feasible [6–8]. To this end, several CGTase have been
immobilised using different supports and immobilisation methods
[3,9].
The trend of enzyme immobilisation has now shifted towards
the utilisation of nanostructured materials as the enzyme support,
which includes nanoporous materials, nanoparticles, and nano-
ﬁbres [10]. In comparison with the conventional supports,
nanostructured materials offer the intrinsic characteristic of an
extremely high surface area to volume ratio which is desirable for
improvement of the immobilisation efﬁciency. Immobilised
CGTase on nanoporous silica and nanoparticles show a remarkable
improvement in terms of enzyme loading and activity recovery
[11,12]. However, despite the advantages, some of the problems
associated with nanoporous media are such as limited enzyme-
substrate interaction due to the enzyme conﬁnement on its inner
surface and the complex recovery procedures of the nanoparticles
[10]. In this regard, increasing interest has been shown in
incorporating enzymes into nanoﬁbrous materials, particularly
electrospun nanoﬁbres [6,13–15].
Electrospinning involves electrical atomisation of a viscous
liquid that is capable of producing ﬁbres with a diameter rangingder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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interconnectivity, the electrospun nanoﬁbres can form a mem-
brane which can be easily recovered, reused and could reduce the
mass transfer limitation [16,17]. These unique characteristics
enable the application of electrospun nanoﬁbres in diverse ﬁelds
such as controlled release of compounds in drug delivery,
templates or scaffolds in tissue engineering, reinforcement for
composite materials and membranes for water ﬁltration systems
[6,8]. In biocatalysis, an enzyme immobilised on a nanoﬁbrous
membrane allows repeated usage of the enzyme and simultaneous
biocatalytic reaction and enzyme-product separation, which are
the main requirements for the application of an immobilised
enzyme in a membrane-bioreactor [10,13].
In this study, the immobilisation of CGTase into a nanoﬁbrous
PVA membrane via electrospinning of CGTase and a PVA solution
was demonstrated. To the knowledge of the authors, this is the ﬁrst
application of nanoﬁbres as a support for CGTase. The performance
of the immobilised enzyme was examined in terms of enzyme
loading and catalytic activity with CGTase/PVA nanoﬁbres. In
addition, the CGTase/PVA ﬁlm that was produced from the same
solution was used as a control.
2. Materials and methods
2.1. Materials
Polyvinyl alcohol (PVA) with an average molecular weight of 85
000–124 000 Da and a 99% degree of hydrolysis was obtained from
Sigma Aldrich, USA. CGTase (EC 2.4.1.19) from Bacillus macerans
was procured from Amano Enzyme, Inc., Japan. a-CD was provided
by Acros Organics, USA. The Bradford reagent, bovine serum
albumin (BSA, 67 000 Da) and glutaraldehyde (GA) solution (25%
(w/v) in water) were purchased from Sigma–Aldrich Chemical Co.
(St. Louis, MO, USA). Soluble starch and hydrochloric acid (32% (w/
v)) were provided by Merck, Germany. All the other chemicals used
were of analytical reagent grade.Fig. 1. Schematic of the method used t2.2. Methods
2.2.1. Preparation of PVA/CGTase solution
PVA powder was dissolved in a phosphate buffer (100 mM, pH
6) at 90 C under mild stirring to create a PVA solution of 8% (w/v)
concentration. The solution was then allowed to cool at room
temperature before mixing with CGTase solution to produce a
CGTase/PVA mixture with 1% (v/v) enzyme concentration.
2.2.2. Electrospinning of CGTase/PVA solution
The freshly prepared CGTase/PVA solution was fed into a 10 ml
plastic syringe ﬁtted with a 16 G stainless steel capillary (length
 OD  ID = 80  1.61 1.25 mm). The electrospinning was per-
formed by applying a high electric ﬁeld (9 kV) to the capillary
for a total of 3 h and with a ﬂow rate of 0.5 ml/h. The
electrospinning modes were observed using a digital camera
equipped with a macro lens. The PVA/CGTase nanoﬁbres were
collected using a rotating collector which was covered with
aluminium foil (grounded) and placed at 20 cm away from the
capillary tip. The nanoﬁbres obtained were then dried overnight in
a desiccator before detaching from the aluminium foil and stored
at 4 C before further reactions and analyses. A schematic diagram
for the method of CGTase/PVA nanoﬁbre production and the
electrospinning system is presented in Fig. 1.
2.2.3. Vapour phase glutaraldehyde (GA) crosslinking
The membrane was subjected to glutaraldehyde vapour phase
crosslinking to prevent the dissolution of the hydrophilic PVA as
well as to improve the enzyme-PVA interaction. The crosslinking
was conducted for 2.5 h at ambient temperature in the presence of
hydrochloric acid (HCl) as a catalyst with a 3:1 ratio of GA:HCl, as
previously described by Shaikh et al. [18].
2.2.4. Characterisation of PVA/CGTase membrane
The morphology of the PVA/CGTase membrane was observed
using a Scanning Electron Microscope (SEM) (JSM 6510, JEOL,o produce CGTase/PVA nanoﬁbres.
Fig. 2. SEM images and size distribution of electrospun nanoﬁbrous membrane: (a) PVA; (b) CGTase/PVA.
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mounted on stubs using carbon tape. The analysis was performed
using an accelerating voltage of 10 kV. Prior to the analysis,
the sample was sputter-coated with gold (JFC 1200, JEOL, Tokyo)
under vacuum to avoid a charging effect during the SEM
observations. The sizes of at least 60 ﬁbres were determined
using ImageJ software (NIH, Bethesda) and the value presented as
the average.
2.2.5. Enzyme loading analysis
The amount of enzyme loaded on the PVA was determined
using colorimetric analysis following the modiﬁed Bradford assay,
as described by Ivanova (2010) [3] with slight modiﬁcation [15].
The enzyme loaded support (before crosslinking) was incubated in
200 ml of phosphate buffer for 12 h at 4 C. Then, 1800 ml of
Bradford reagent was added into the solution. The mixture was
gently mixed for 3 min to allow binding of the protein and the
absorbance was measured at 595 nm. Bovine serum albumin (BSA)
was used as a standard. The enzyme loading efﬁciency was
determined by using the following equation:
Enzyme loading efficiency
¼ Amount of protein in the membrane ðmgÞWhole membrane ðgÞ
2.2.6. Enzyme activity analysis
CGTase activity was measured as a-CD formation activity, as
previously described in [19] with slight modiﬁcations [20]. Brieﬂy,
the immobilised enzyme was incubated with 1 ml of 1% (w/v)
soluble starch solution prepared in a phosphate buffer (100 mM,
pH 6) at 60 C for 5 min. The reaction was stopped by immediate
cooling in chilled water, followed by the addition of 0.1 ml of HCl
(1.2 M) and 2 ml of methyl orange (0.035 mM). The mixtures were
maintained at room temperature for 15 min. Absorbance was
measured at 506 nm using a UV–vis spectrometer (Ultrospec
3100 Pro, GE Healthcare Sdn Bhd., Kuala Lumpur). One unit of
enzyme activity was deﬁned as the amount of enzyme that
produced 1 mM of a-CD per min under the assay conditions.3. Results and discussion
3.1. Characteristics of the electrospun nanoﬁbrous membrane
Electrospinning of PVA solution produced smooth and uniform
ﬁbres with an average size of 178  52 nm. The CGTase solution
could not be electrospun alone to produce ﬁbres due to its complex
molecular structure and strong inter and intra-molecular bonding
among the enzyme molecules [21]. When mixed with PVA
solution, it is possible for the enzyme to be electrospun because
of the capability of PVA to form secondary bonding with the
enzyme molecules, so that the complex structure and strong
bonding among the enzyme molecules could be disrupted [15,16].
As shown in Fig. 2, the addition of the enzyme into the PVA solution
did not cause a signiﬁcant change in the nanoﬁbre morphology.
Although the ﬁbre size distribution was slightly different, the
average ﬁbre size was not affected, suggesting that the CGTase/PVA
mixture could sustain the electrospinning process and was
successfully transformed into a CGTase/PVA nanoﬁbrous mem-
brane.
3.2. Enzyme loading efﬁciency and enzyme activity
The loading efﬁciency and activity of the immobilised CGTase in
the electrospun nanoﬁbres is presented in Fig. 3. CGTase/PVA ﬁlm
prepared from the same solution as in Section 2.2.2 was used as the
control experiment. The nanoﬁbres exhibited a high enzyme
loading efﬁciency, which was almost 2.5 fold higher
(3.86  0.35 mg/g) than the ﬁlm (1.63  0.17 mg/g), and with a
31% higher activity. The high enzyme loading obtained for the
nanoﬁbres was mainly attributed to the three dimensional
structure of the support in combination with its high interconnec-
tivity and porosity [15] as previously shown in Fig. 2, which
provided a high surface area for the enzyme attachment. The result
obtained here conﬁrmed the good immobilisation efﬁciency of the
nanoﬁbre support. Besides the high enzyme loading, the high
enzyme activity achieved by the CGTase/PVA nanoﬁbres was
contributed by the minimal diffusion resistance as the substrate
Fig. 3. Enzyme loading and activity analysis of CGTase immobilised in PVA
nanoﬁbre and PVA ﬁlm.
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network [22], thus improving the enzyme-substrate interaction.
3.3. The effect of crosslinking on the enzyme activity
Glutaraldehyde (GA) has been widely used in enzyme
immobilisation due to its high reactivity towards the amine group
of the protein and hydroxyl group of the carrier materials [23].
However, a severe loss in enzyme activity is usually observed after
crosslinking with glutaraldehyde solution [18]. Several researchers
have reported the successful application of vapour phase
glutaraldehyde crosslinking on enzymes such as glucose oxidase
[24-arunas], sarcosine oxidase [25], cellulase [15] and laccase [26]
with a retained activity of up to 83.7%. In this study, glutaraldehyde
crosslinking of CGTase at the vapour phase was conducted after the
immobilisation and its effect on the enzyme activity is presented in
Fig. 4. The crosslinking process did not have a great effect on the
enzyme activity as the enzyme could retain up to 95% and 84% of its
initial enzyme activity for the nanoﬁbres and ﬁlm, respectively.
The high activity retention obtained here may be attributed to the
formation of a protective layer of PVA in which the enzyme was
protected from the external surroundings, as only a small amount
of the GA vapour could pass through the PVA layer [26]. In addition,
immobilised CGTase in the nanoﬁbre support showed higher
activity retention compared to the ﬁlm which might be attributed
to the additional protection provided by the nanoﬁbre network and
the high porosity of the membrane which allowed the substrate to
diffuse to/off the membrane easily for maximal enzyme-substrate
interaction [17,26].Fig. 4. Effect of vapour phase GA crosslinking reaction on CGTase activity.4. Conclusion
The electrospinning technique has effectively immobilised the
CGTase enzyme into the PVA nanoﬁbrous membrane without
affecting the ﬁbre structure and size. The nanoﬁbres produced
show excellent immobilisation efﬁciency with a 2.5 fold higher
enzyme loading and almost 31% higher enzyme activity in
comparison with the ﬁlm (control). The vapour phase crosslinking
reaction applied to the PVA/CGTase membranes caused no
remarkable effect on the enzyme activity. The ﬁndings of the
present study suggest that nanoﬁbres are a potential support for
CGTase immobilisation. The method employed could be extended
by the use of a higher enzyme concentration to further improve the
overall enzymatic performance. Furthermore, this simple and
versatile method can be applied to other types of biologically active
substances such as cells and proteins to improve their stability and
expand their potential applications especially as biosensors, for
bioremediation, biofuel cells and large scale biocatalysis operation.
Acknowledgements
This research was supported by the Putra grants GP-IPS,
Universiti Putra Malaysia, (UPM/700-2/GP-IPS/2015/9465200),
Science fund, JSPS Kakenhi No. 26420761 (IWL) and a Research
Entity Initiative (REI) Grant by Universiti Teknologi MARA (UiTM)
(Project no. 600-RMI/DANA/5/3/REI (2/2013)). S. Saallah holds a
scholarship from the Ministry of Higher Education (MOHE),
Malaysia under the SLAB scheme. The authors acknowledge the
input from Dr Motoyuki Iijima, Mr Pramujo Widiatmoko, Mr K.
Kusdianto and Mr Keisuke Naito from the Tokyo University of
Agriculture and Technology for their assistance in the experimen-
tal analysis.
References
[1] C.R. Matte, M.R. Nunes, E.V. Benvenutti, J. Schöffer, N. da, M.A.Z. Ayub, P.F.
Hertz, Characterization of cyclodextrin glycosyltransferase immobilized on
silica microspheres via aminopropyltrimethoxysilane as a spacer arm, J. Mol.
Catal. B Enzym. 78 (2012) 51–56, doi:http://dx.doi.org/10.1016/j.
molcatb.2012.01.003.
[2] E.M.M. Del Valle, Cyclodextrins and their uses: a review, Process Biochem. 39
(2004) 1033–1046, doi:http://dx.doi.org/10.1016/S0032-9592(03) 00258-9.
[3] V. Ivanova, Immobilization of cyclodextrin glucanotransferase from
Paenibacillus macerans ATCC 8244 on magnetic carriers and production of
cyclodextrins, Biotechnol. Biotechnol. Equip. 24 (SE) (2010) 516–528, doi:
http://dx.doi.org/10.1080/13102818.2010.10817893.
[4] A. Biwer, G. Antranikian, E. Heinzle, Enzymatic production of cyclodextrins,
Appl. Microbiol. Biotechnol. 59 (2002) 609–617, doi:http://dx.doi.org/10.1007/
s00253-002-1057-x.
[5] M.T. Martı’n, F.J. Plou, M. Alcalde, A. Ballesteros, Immobilization on Eupergit C
of cyclodextrin glucosyltransferase (CGTase) and properties of the
immobilized biocatalyst, J. Mol. Catal. B Enzym. 21 (2003) 299–308, doi:http://
dx.doi.org/10.1016/S1381-1177(02) 00264-3.
[6] H. Jia, G. Zhu, B. Vugrinovich, W. Kataphinan, D.H. Reneker, P. Wang, Enzyme-
carrying polymeric nanoﬁbers prepared via electrospinning for use as unique
biocatalysts, Biotechnol. Prog. 18 (2002) 1027–1032, doi:http://dx.doi.org/
10.1021/bp020042m.
[7] L. Cao, L. Langen Van, R.A. Sheldon, Immobilised enzymes: carrier-bound or
carrier-free? Curr. Opin. Biotechnol. 14 (2003) 387–394, doi:http://dx.doi.org/
10.1016/S0958-1669(03)00096-X.
[8] B.C. Kim, S. Nair, J. Kim, J.H. Kwak, J.W. Grate, S.H. Kim, et al., Preparation of
biocatalytic nanoﬁbres with high activity and stability via enzyme aggregate
coating on polymer nanoﬁbres, Nanotechnology 16 (2005) S382–8, doi:http://
dx.doi.org/10.1088/0957-4484/16/7/011.
[9] A.S.S. Ibrahim, M.A. El-Tayeb, A.A. Al-Salamah, Characterization of
immobilized alkaline cyclodextringlycosyltransferase from a newly isolated
Bacillus agaradhaerens KSU-A11, Afr. J. Biotechnol. 9 (44) (2010) 7550–7559,
doi:http://dx.doi.org/10.5897/AJB10.644.
[10] J. Kim, J.W. Grate, P. Wang, Nanostructures for enzyme stabilization, Chem.
Eng. Sci. 61 (2006) 1017–1026, doi:http://dx.doi.org/10.1016/j.ces.2005.05.067.
[11] V. Ivanova, A. Tonkova, K. Petrov, P. Petrova, P. Gencheva, Covalent attachment
of cyclodextrin glucanotransferase from genetically modiﬁed Escherichia coli
on surface functionalized silica coated carriers and magnetic particles, J. Biosci.
Biotechnol. (2012) 7–13 SE/ONLINE.
48 S. Saallah et al. / Biotechnology Reports 10 (2016) 44–48[12] A.S.S. Ibrahim, A.A. Al-Salamah, A.M. El-Toni, M.A. El-Tayeb, Y.B. Elbadawi, G.
Antranikian, Cyclodextrin glucanotransferase immobilization onto
functionalized magnetic double mesoporous core–shell silica nanospheres,
Electron. J. Biotechnol. (2014), doi:http://dx.doi.org/10.1016/j.ejbt.2014.01.001.
[13] Z.-G. Wang, L.-S. Wan, Z.-M. Liu, X.-J. Huang, Z.-K. Xu, Enzyme immobilization
on electrospun polymer nanoﬁbers: an overview, J. Mol. Catal. B Enzym. 56
(2009) 189–195, doi:http://dx.doi.org/10.1016/j.molcatb.2008.05.005.
[14] X.-J. Huang, P.-C. Chen, F. Huang, Y. Ou, M.-R. Chen, Z.-K. Xu, Immobilization of
Candida rugosa lipase on electrospun cellulose nanoﬁber membrane, J. Mol.
Catal. B Enzym. 70 (2011) 95–100, doi:http://dx.doi.org/10.1016/j.
molcatb.2011.02.010.
[15] L. Wu, X. Yuan, J. Sheng, Immobilization of cellulase in nanoﬁbrous PVA
membranes by electrospinning, J. Membr. Sci. 250 (2005) 167–173, doi:http://
dx.doi.org/10.1016/j.memsci.2004.10.024.
[16] A. Moradzadegan, S.-O. Ranaei-Siadat, A. Ebrahim-Habibi, M. Barshan-
Tashnizi, R. Jalili, S.-F. Torabi, et al., Immobilization of acetylcholinesterase in
nanoﬁbrous PVA/BSA membranes by electrospinning, Eng. Life Sci. 10 (2010)
57–64, doi:http://dx.doi.org/10.1002/elsc.200900001.
[17] T.E. Herricks, S.-H. Kim, J. Kim, D. Li, J.H. Kwak, J.W. Grate, et al., Direct
fabrication of enzyme-carrying polymer nanoﬁbers by electrospinning, J.
Mater. Chem. 15 (2005) 3241, doi:http://dx.doi.org/10.1039/b503660g.
[18] R.P. Shaikh, P. Kumar, Y.E. Choonara, L.C. du Toit, V. Pillay, Crosslinked
electrospun PVA nanoﬁbrous membranes: elucidation of their
physicochemical, physicomechanical and molecular disposition,
Biofabrication 4 (2012) 025002, doi:http://dx.doi.org/10.1088/1758-5082/4/2/
025002.
[19] A. Lejeune, K. Sakaguchi, T. Imanaka, A spectrophotometric assay for the
cyclization of cyclomaltohexaose (a-cyclodextrin) glucanotransferase, Anal.Biochem 181 (1989) 6–11, doi:http://dx.doi.org/10.1016/0003-2697(89)
90385-0.
[20] I.H. Higuti, P.A. Silva, J. Papp, V.M.E. Okiyama, E.A. Andrade, A.A. Marcondes,
et al., Colorimetric determination of a and b-cyclodextrins and studies on
optimiza-tion of CGTase production from B. ﬁrmus using factorial designs,
Braz. Arch. Biol. Technol. 47 (2004) 837–841, doi:http://dx.doi.org/10.1590/
S1516-89132004000600001.
[21] J. Xie, Y.L. Hsieh, Ultra-high surface ﬁbrous membranes from electrospinning
of natural proteins: casein and lipase enzyme, J. Mater. Sci. 8 (21) (2003) 2125–
2133.
[22] E. Korina, O. Stoilova, N. Manolova, I. Rashkov, Multifunctional hybrid
materials from poly(3-Hydroxybutyrate) TiO2 nanoparticles, and chitosan
oligomers by combining Electrospinning/Electrospraying and impregnation,
Macromol. Biosci. 13 (2013) 707–716, doi:http://dx.doi.org/10.1002/
mabi.201200410.
[23] K.C.S. Figueiredo, T.L.M. Alves, C.P. Borges, Poly (vinyl alcohol) ﬁlms crosslinked
by glutaraldehyde under mild conditions, J. Appl. Polym. Sci. 111 (2008) 3074–
3080, doi:http://dx.doi.org/10.1002/app.
[24] A. Ramanavicius, P. Genys, A. Ramanaviciene, Electrochemical impedance
spectroscopy based evaluation of 1,10-Phenanthroline-5,6-dione and glucose
oxidase modiﬁed graphite electrode, Electrochim. Acta 146 (2014) 659–665,
doi:http://dx.doi.org/10.1016/j.electacta.2014.08.130.
[25] A. Ramanavicius, Amperometric biosensor for the determination of creatine,
Anal. Bioanal. Chem. 387 (5) (2007) 1899–1906, doi:http://dx.doi.org/10.1007/
s00216-006-1065-2.
[26] D. Yunrong, N. Junfeng, Y. Lifeng, X. Jiangjie, X. Jiarui, Laccase-carrying
electrospun ﬁbrous membrane for the removal of polycyclic aromatic
hydrocarbons from contaminated water, Sep. Purif. Technol. 104 (2013) 1–8,
doi:http://dx.doi.org/10.1016/j.seppur.2012.11.013.
